In this study, we show that upon thrombopoietin (Tpo) stimulation the two adapter proteins Gab1 and Gab2 are strongly tyrosine phosphorylated and associated with Shc, SHP2, PI 3-kinase and Grb2 in mpl-expressing UT7 cells. Although Gab1 and Gab2 seem to mediate overlapping biological signals in many cells, only Gab1 is expressed and phosphorylated in response to Tpo in primary human megakaryocytic progenitors; furthermore, it associates with the same proteins. Although a low level of tyrosine phosphorylated IRS-2 protein is also detected in PI 3-kinase immunoprecipitates, Gab proteins are the essential proteins associated with PI 3-kinase after Tpo stimulation. We demonstrate that, albeit no association is detected between the Tpo receptor mpl and Gab proteins, Y112 located in the Cterminal cytoplasmic domain of mpl is required for Gab1/2 tyrosine phosphorylation. Gab proteins are not tyrosine phosphorylated after Tpo stimulation of UT-7 and Ba/F3 cells expressing a mpl mutant lacking Y112. Moreover, no activation of the PI 3-kinase/Akt pathway is observed in cells expressing this mpl mutant. Finally, we show that this mutant does not allow cell proliferation, thereby con®rming that PI 3-kinase activation is required for Tpo-induced cell proliferation. Oncogene (2001) 20, 2197 ± 2204.
Introduction
Gab1 (Grb2-associated binder 1) was cloned as an adapter protein interacting with Grb2 in an expression library assay (Holgado-Madruga et al., 1996) , and with the multifunctional docking site of the Met receptor in a yeast two-hybrid screen (Weidner et al., 1996) . Gab1 belongs to a family of multisubstrate docking proteins such as IRS-1, IRS-2, p62dok and DOS (Carpino et al., 1997; Raabe et al., 1996; Yenush et al., 1996) . These proteins contain an amino-terminal pleckstrin homology (PH) domain and multiple tyrosine phosphorylation sites which bind to the SH2 domains of Grb2, phosphatidylinositol 3-kinase (PI 3-kinase), phospholipase Cg and SHP2. Gab1 is phosphorylated downstream of the insulin receptor, the epidermal growth factor receptor, the NGF receptor (HolgadoMadruga et al., 1996 (HolgadoMadruga et al., , 1997 . Gab1 is also an important mediator of branching tubulogenesis following stimulation of the Met receptor (Maroun et al., 1999) . A p97/ Gab2 adapter protein was next identi®ed which shares many similarities with Gab1, including the N-terminal PH domain and the interaction sites with SHP2, Grb2 and PI 3-kinase (Gu et al., 1998; Wickrema et al., 1999; Zhao et al., 1999) . Recent studies have demonstrated that both Gab1 and Gab2 act downstream of several cytokines such as interleukin (IL)-3, IL-6, interferon (INF)-a, INF-g, and also of T-and B-cell antigen receptors (Ingham et al., 1998; Nishida et al., 1999; Takahashi-Tezuka et al., 1998; Wickrema et al., 1999; Zhao et al., 1999) . We have previously described the Epo-induced tyrosine phosphorylation of Gab1 and its association with SHC, SHP2, SHIP and PI 3-kinase in UT7 cells and in primary human erythroid progenitors (Lecoq-Lafon et al., 1999) .
Thrombopoietin (Tpo) is the primary physiological regulator of platelet production. Tpo stimulates the proliferation and maturation of megakaryocyte progenitors from hematopoietic stem cells (Bartley et al., 1994; de Sauvage et al., 1994; Kaushansky et al., 1994; Wendling et al., 1994) . Like the erythropoietin receptor (EpoR), the Tpo receptor mpl belongs to the hematopoietic receptor superfamily (Vigon et al., 1992 (Vigon et al., , 1993 . The activation of mpl by its cognate ligand Tpo leads to the tyrosine phosphorylation of Jak2 and Tyk2 tyrosine kinases, of Stat1, Stat3, Stat5, Shc and of mpl (Drachman et al., 1995; Gurney et al., 1995; Pallard et al., 1995; Sattler et al., 1995) . Analysis of the tyrosine residues of mpl important for the recruitment of signaling proteins has shown that phosphorylation of tyrosine 112 (Y112) leads to the recruitment of several proteins including Stat3, Shc and SHIP, whereas phosphorylated Y117 is also capable of partial Stat3 recruitment (Alexander et al., 1996; Drachman and Kaushansky, 1997) . We have previously shown that the distal cytoplasmic domain is implicated in the megakaryocyte dierentiation of UT7-mpl cells (Porteu et al., 1996) . Prolonged activation of Ras and of MAP kinase contribute to megakaryocytic dierentiation in Tpo-dependent hematopoietic cell lines (Matsumura et al., 1998; Rouyez et al., 1997) . In this study, we report that upon Tpo stimulation of UT7-mpl cells, the two adapter proteins Gab1 and Gab2 were tyrosine phosphorylated and associated with several signaling molecules including Grb2, Shc, SHP2, SHIP and PI 3-kinase. Tpo also induced tyrosine phosphorylation of Gab1 in primary human megakaryocytic progenitors. While we found no direct association between mpl and Gab proteins, we show that the Y112 residue of mpl was necessary for Gab phosphorylation and subsequent PI 3-kinase and Akt/PKB activation. Finally, we demonstrate that a mpl mutant devoid of Y112 did not allow any cell proliferation, thereby indicating that the PI 3-kinase/Akt pathway is required for Tpo-induced cell proliferation.
Results
Gab1 and Gab2 proteins are phosphorylated in response to Tpo in UT7-mpl cells and associate with several signaling proteins
We previously described that Gab1 is phosphorylated in Epo-stimulated UT7 cells and associates with Shc, SHP2, PI 3-kinase and SHIP (Lecoq-Lafon et al., 1999) . Recent reports have shown that Gab2 docking protein is also engaged in Epo and other growth factor signaling (Nishida et al., 1999; Wickrema et al., 1999) . We were interested to know if Gab1/2 proteins could also participate in Tpo signaling. We determined whether stimulation by Tpo led to the phosphorylation of these proteins in UT7 cells expressing mpl (Porteu et al., 1996) . Figure 1 shows that Gab1 and Gab2 proteins are phosphorylated in response to Tpo and are associated with several tyrosine phosphorylated proteins in Tpo-stimulated UT7-mpl cells. The electrophoretic migration pro®le of these Gab1/2-associated proteins is identical to that of Gab1-associated proteins found after Epo-stimulation of parental UT7 cells (Lecoq-Lafon et al., 1999) . Western blotting showed that the phosphorylated proteins corresponded to SHP2 (66 kDa), and to Shc (52 kDa) (Figure 1a and b) . Only p52 shc , migrating at 60 Kd as previously shown for MO7-ER cells (Damen et al., 1993) , was substantially phosphorylated whereas both Shc species p52 and p46 were associated with Gab1/2. PI 3-kinase regulatory subunit and Grb2 proteins were also observed in the Gab1 and Gab2 immunoprecipitates. A low level of association between Grb2 and Gab1/2 was observed in resting cells but this association was strongly enhanced after Tpo stimulation (Figure 1a and b) . Finally, the 145 Kd protein co-migrated with the Shc-associated 145 Kd protein and could correspond to SHIP1 (Damen et al., 1993) . However, attempts to identify this protein by Western blot using anti-SHIP antibodies were unsuccessful, possibly due to the low eciency of the available SHIP antibodies. Altogether, Gab1 and Gab2 proteins seem to mediate overlapping biological signals in UT7-mpl cells. As scaold proteins, they participate to the formation of a complex of signaling proteins following Tpo stimulation that is strongly reminiscent of the complex observed in response to Epo.
Gab1 is phosphorylated in response to Tpo and Epo in primary human progenitors
Although Gab1 and Gab2 share high structural homologies, they are not expressed in the same cells and tissues (Gu et al., 1998) . To test the physiological b a Figure 1 Identi®cation of the Gab1 and Gab2-associated proteins. Anti-Gab1 (a) and anti-Gab2 (b) immunoprecipitates were prepared from 15610 6 UT7-mpl cells stimulated for 10 min with 50 ng/ml Tpo or from control cells, and analysed by Western blot using antiphosphotyrosine antibodies (anti-PY). The blots were stripped and reprobed with anti-PI3-K, anti-SHP2, anti-Shc and anti-Grb2, successively relevance of these proteins in normal Tpo-induced signaling, we expanded in vitro human megakaryocyte progenitors isolated from cultured CD34 + cells derived from cord blood as described in Materials and methods. As shown in Figure 2 , Tpo induced the tyrosine phosphorylation of Gab1 in human CD41 + cells. After stripping of the membrane and hybridization with anti-PI 3-kinase antibodies, the association of Gab1 with PI 3-kinase was observed following Tpostimulation. Several attempts to detect Tpo-induced tyrosine phosphorylation of Gab2 failed. Furthermore, Western blot experiments with anti-Gab2 antibody did not detect any signal, thus suggesting that either Gab2 is not expressed in primary human megakaryocyte progenitors or is present in too low amounts to be detected. Similarly, we neither detected Epo-induced Gab2 tyrosine phosphorylation nor Gab2 protein itself in primary human erythroid progenitors (data not shown).
Tyrosine 112 (Y4) of mpl is required for Gab1/2 protein phosphorylation
In order to determine the mechanism of Gab protein engagement in response to Tpo, we were interested to know whether these proteins were directly associated to mpl. We did not detect mpl in Gab1 or Gab2 immunoprecipitates, and conversely no Gab proteins could be observed in mpl immunoprecipitates after 10 min of Tpo stimulation (data not shown). However, we sought to identify the domains of mpl required for Tpo-induced Gab1/2 phosphorylation. To that end, we used UT7 cells expressing either the wild type receptor mpl or truncation mutants of the intracellular domain (see Figure 3 ). These cell lines expressed comparable levels of mpl receptors as shown by¯ow cytometry (Porteu et al., 1996) . WT and mutant mpl-expressing cells were stimulated by Tpo, and the phosphorylation of Gab1/2 proteins was measured following immunoprecipitation with anti-Gab1 and anti-Gab2 antibodies. As shown in Figure 4 , phosphorylation of Gab1/2 proteins was observed in cells expressing WT and D3 but not D4 mpl. We reproducibly observed that Tpoinduced Gab1 tyrosine phosphorylation was signi®-cantly lower in UT7-mpl D3 than in UT7-mpl WT cells. This suggests that the deleted region in D3 mutant could be necessary for optimal Gab1 tyrosine Figure 2 Tpo induces the tyrosine phosphorylation of Gab1 in normal megakaryocytic progenitors. A puri®ed population of megakaryocytic progenitors was isolated from human cord blood and prepared as described in Materials and methods. The cells were growth factor-deprived by 6 h incubation in Iscove's DMEM containing 0.4% deionized BSA and 25 mg/ml ironsaturated human transferrin. The cells were stimulated or not for 10 min by 50 ng/ml Tpo. Lysates from 20610 6 cells were immunoprecipitated with anti-Gab1 antibodies and analysed by Western blot using antiphosphotyrosine (anti-PY), anti-Gab1 and anti-PI 3-kinase antibodies The C-terminal cytoplasmic domain of mpl is required for Tpo-induced Gab1/2 phosphorylation. UT7 cells were infected with retroviruses containing either wild type mpl or D3 and D4 mutant constructs and selected by¯ow cytometry analysis. The cells were stimulated or not with 50 ng/ml Tpo for 10 min. Lysates from 15610 6 cells were sequentially immunoprecipitated with anti-Gab1 and anti-Gab2 antibodies and analysed by Western blot using antiphosphotyrosine (anti-PY) antibodies. In the same experiment, lysates from 15610 6 cells were immunoprecipitated with an anti-Jak2 antibody and analysed using anti-PY antibodies (Figure 4 ). This result indicates that the C-terminal cytoplasmic domain of mpl is necessary for the phosphorylation of Gab proteins.
As indicated in Figure 3 , two tyrosine residues, Y112 and Y117 are located in this domain and could be required for Gab activation. To determine which of these tyrosines was responsible for Gab activation, we used Ba/F3 cells expressing full length mpl receptors in which point mutations on tyrosine residues were introduced: Y3F, Y4.5F, Y4F and Y5F (see Materials and methods and Figure 3 ). Cells expressing mpl mutants were isolated after one round of¯uorescence-activated cell sorting using antibodies to the Flag tag sequence as previously described (Rouyez et al., 1997) . We looked only for Gab2 phosphorylation in response to Tpo because these cells do not express Gab1 (Nishida et al., 1999) . Figure 5 shows that, after Tpo stimulation, Gab2 phosphorylation was clearly detected in Gab2 immunoprecipitates from WT, Y3F and Y5F Ba/F3-mpl cells, whereas no signal was detected in Y4.5F and Y4F Ba/F3-mpl cells. In contrast, JAK2 was phosphorylated in all Tpostimulated cells, thereby con®rming the stimulation by Tpo of the Ba/F3 cells ( Figure 5 ). This result demonstrates that Y112 located in the D4 cytoplasmic domain of mpl is required for Gab2 phosphorylation.
Tyrosine 112 of Mpl regulates association of Gab proteins with PI 3-kinase and PI 3-kinase activation
As PI 3-kinase was found to be associated with phosphorylated Gab proteins following Tpo stimulation in UT7-mpl cells, we wished to determine the contribution of the Gab proteins to PI 3-kinase activation. To that aim, WT and D4-mpl UT7 cells were stimulated for 10 min with Tpo and lysed. PI 3-kinase was immunoprecipitated and the immunoprecipitates were analysed by Western blot using antiphosphotyrosine antibodies. In Tpo-stimulated WTmpl UT7 cells, four major tyrosine phosphorylated proteins could be observed of molecular masses of 180, 116, 97 and 85 kDa, respectively ( Figure 6 ). The 116 and 97 kDa proteins corresponded to Gab1 and Gab2, but attempts to probe anti-PI 3-kinase immunoprecipitates with anti-Gab antibodies failed because, as already reported (Lecoq-Lafon et al., 1999) and as shown in Figure 2 , the tyrosine phosphorylated forms of Gab 1/2 are poorly recognized by the antibodies in Western blot experiments. The faint band observed above 116 kDa in UT7-mpl D4 and in non-stimulated UT7-mpl cells is constitutive. Reprobing the blot with anti-IRS2 antibodies showed that the 180 kDa protein Figure 5 Tyrosine 112 of mpl is required for Tpo-induced Gab2 phosphorylation. Ba/F3 cells were transfected with expression vectors for either wild type mpl or mutants containing a point mutation replacing a tyrosine (Y) by a phenylalanine (F). Cells were stimulated or not with 50 ng/ml Tpo for 10 min. Lysates from 20610 6 cells were immunoprecipitated with anti-Gab2 antibodies and analysed by Western blot using antiphosphotyrosine (anti-PY) antibodies. In the same experiment, supernatants from the ®rst immunoprecipitation were immunoprecipitated with an anti-Jak2 antibody and analysed using anti-PY antibodies Figure 6 Tyrosine 112 of Mpl regulates association of Gab proteins with PI 3-kinase. UT7 cells expressing either WT or D4 mpl mutant were stimulated or not with 50 ng/ml Tpo for 10 min. Lysates from 15610 6 cells were immunoprecipitated with an anti-PI 3-kinase antibody and analysed using anti-PY, anti-IRS2 and anti-PI 3-kinase antibodies was IRS2; the 85 kDa tyrosine phosphorylated protein co-migrated with the p85 subunit of the PI 3-kinase. Interestingly, in D4-mpl UT7 cells lacking Y112, only the phosphorylated IRS2 protein could be observed, thereby suggesting that Y112 of Mpl is required for Gab protein phosphorylation as well as their association with PI 3-kinase. We conclude from these data that Gab proteins constitute a major link between mpl and the PI 3-kinase pathway.
In order to examine PI 3-kinase activation, we analysed the phosphorylation of Akt/PKB, an important signaling pathway located downstream of PI 3-kinase (Alessi and Cohen, 1998). Figure 7 shows that Tpo stimulation promoted the phosphorylation of Akt on Ser 473 in UT7-mpl WT cells, as well as in D3-mpl cells. Akt phosphorylation was sensitive to Ly294002, an inhibitor of PI 3-kinase, indicating that products of the PI 3-kinase are required for activation. In contrast, no phosphorylation of Akt/PKB was observed in D4-mpl cells. Moreover, using Y4F and Y5F Ba/F3-mpl cells, we show that Akt phosphorylation is observed in cells containing the Y5F mpl mutant but not in cells with the Y4F mutant. These data indicate that tyrosine 112 of mpl, necessary for Gab phosphorylation, is also required for the downstream activation of the PI 3-kinase/Akt pathway.
PI 3-kinase activation is required for Tpo-induced cell proliferation
We have shown that the activation of the PI 3-kinase/ Akt pathway is a direct consequence of Tpo-induced mpl stimulation and Gab phosphorylation. To further con®rm the functional importance of Gab phosphorylation and PI 3-kinase activation on Tpo-induced signaling, we examined the Tpo-induced growth of WT and D4 UT7-mpl cells, as well as the eect of the PI 3-kinase inhibitor Ly294002. As shown in Figure 8 , a sharp increase in cell proliferation was observed with WT UT7-mpl cells in response to Tpo from 0.1 ng/ml. This cell proliferation was completely abolished in presence of LY294002. Interestingly, UT7 cells containing the mpl D4 mutant were unable to grow in presence of Tpo, thus indicating that the Y112 located in the D4 carboxy-terminal region of mpl is required for the engagement of Gab proteins, the activation of PI 3-kinase and subsequent Tpoinduced cell proliferation.
Discussion
We and others have previously described that the Gab1/2 docking proteins are involved in co-localization of components of dierent signaling pathways downstream of the EpoR (Lecoq-Lafon et al., 1999; Wickrema et al., 1999) . In this study, we show that Gab proteins are similarly engaged in Tpo-induced signaling and are associated to the same proteins in Tpo-stimulated cells. We observed that Gab1 protein only is phosphorylated in response to Epo or Tpo in primary human progenitors belonging to the erythroid or megakaryocytic pathway, respectively, whereas no Gab2 expression was detected (Figure 2 , Lecoq-Lafon et al., 1999; Wickrema et al., 1999) . As bipotent erythro-megakaryocytic progenitors have been characterized in human bone marrow, these data are consistent with a common origin of these cells (Debili et al., 1996) . Similarly, in primary murine megakaryocytes, Miyakawa et al. (2001) only detected the presence of Gab1 by Western blotting but in contrast to our results in human, they did not observe Tpoinduced Gab1 phosphorylation. Whether this discrepancy is due to species dierence (human versus murine) or to the use of dierent anti-Gab1 antibodies remains to be determined. Figure 7 Gab proteins mediate Tpo-stimulated Akt/PKB phosphorylation. UT7 cells expressing either WT mpl , D3 or D4 mutants and Ba/F3 cells expressing Y4F or Y5F mpl mutants were serum and growth factor-deprived. Cells were stimulated or not with Tpo at 50 ng/ml for 10 min in the presence or not of 50 mM LY294002. Then, the cells were lysed in buer B (see Materials and methods) and proteins were analysed by Western blot using anti-phosphoAkt (Ser 473) and anti-Akt polyclonal antibodies Many docking sites for cytoplasmic proteins are found in both Gab1 and Gab2 proteins. Except when otherwise indicated, Gab1 and Gab2 sequences refer to the human proteins. Tyrosines 447, 472, 589 of Gab1 and their counterparts in Gab2 (tyrosines 441, 465 and 573) are binding sites for the SH2 domains of PI 3-kinase (Gu et al., 2000) . Tyrosine residue 627 of Gab1 (or 603 and 632 of Gab2) is part of a YLDL sequence optimal for binding the SH2 domain of SHP2 (Case et al., 1994) (Zhou and Cantley, 1995) . Tyrosine phosphorylated Shc and SHP2 could in turn provide docking sites for the SH2 domain of Grb2, thereby accounting for the increase of Grb2 association with tyrosine phosphorylated Gab. Recently, an atypical Grb2 carboxylterminal SH3 domain binding site in Gab proteins has been identi®ed, requiring the proline and arginine residues of an atypical PXXXR motif (Lock et al., 2000) . Most likely, this binding site is responsible for the constitutive binding of Grb2 to Gab.
Whereas Gab1 binds directly to speci®c tyrosine residues of the MET receptor and the EGF receptor through the Met binding domain (MBD) (Rodrigues et al., 2000; Weidner et al., 1996) , it was shown that tyrosine residues of the gp130 cytoplasmic domain are not required for activation of Gab proteins (TakahashiTezuka et al., 1998) . In sharp contrast, we demonstrate that Y112 of the mpl cytoplasmic domain is clearly critical for the phosphorylation of Gab1/2 in response to Tpo. Mpl Y112 is part of a sequence NHSYLPL where the sequence NHSY comprises the Shc phosphotyrosinebinding (PTB) motif, NXXY (Laminet et al., 1996; van der Geer et al., 1996) . Therefore, Shc can bind to Y112 through its PTB motif as previously reported (Alexander et al., 1996; Drachman and Kaushansky, 1997) . Two tyrosine residues of the EpoR cytoplasmic domain, Y367 and Y425 are required for the engagement of Gab2 in Epo-induced signaling (Wickrema et al., 1999) . The sequences surrounding these tyrosines are YLVL (Y367) and YTIL (Y425), and do not comprise any PTB motif. They are quite homologous to the sequence YLPL of Y112 in mpl, and correspond to consensus sequences for Shc SH2 binding (Songyang et al., 1993) . Interestingly, we found that, in parental UT7 cells, Shc was bound to these two EpoR tyrosine residues and phosphorylated in response to Epo (unpublished data). Therefore, an attracting hypothesis would be that upon Epo or Tpo stimulation, Shc binds to phosphorylated tyrosine residues of the EpoR or mpl and becomes phosphorylated, thus allowing the sequential binding of Grb2, Gab and PI 3-kinase to occur. Such a mechanism has been previously suggested for IL-3-induced Gab2 engagement (Gu et al., 1998) and has been demonstrated recently by the same authors (Gu et al., 2000) .
Y425 residue of the EpoR appears to play a key role in the recruitment of several SH2-containing signaling proteins. Indeed, Shc, Stat5, Cis, SHP2, SHIP1 proteins are all able to bind to this site. It was previously shown that Y112 in mpl receptor was both a site of receptor phosphorylation and a critical residue for the Tpo-dependent phosphorylation of Shc (Alexander et al., 1996) , SHIP and Stat3 (Drachman and Kaushansky, 1997) . Presumably, Y112 could also be a binding site for multiple proteins, thereby suggesting that multifunctional docking sites comprising speci®c tyrosine residues such as EpoR Y425 or mpl Y112 could exist in cytokine receptors as well as in tyrosine kinase receptors like Met (Bardelli et al., 1997) .
The functional importance of Gab1 protein is illustrated in epithelial cells where hepatocyte growth factor induces epithelial cell scattering and morphogenesis (Maroun et al., 1999) , and in PC12 cells where overexpression of Gab1 mediates neurite outgrowth, DNA synthesis and survival (Korhonen et al., 1999) . However, the role of Gab-docking proteins in hematopoietic cells remains to be determined. Our results demonstrate that the physiological importance of Gab docking-proteins relies on the activation of PI 3-kinase shown by the phosphorylation of its downstream substrate Akt/PKB. PI 3-kinase engagement is involved as a major step in both mitogenic and anti-apoptotic signaling pathways (Franke et al., 1997) . PI 3-kinase has been previously found to be associated with p120 cbl in response to Tpo stimulation (Sattler et al., 1997) . We did not ®nd such an association in Tpo-stimulated UT7-mpl cells. As the p85 regulatory unit of the PI 3-kinase does not bind directly to mpl, the major proteins interacting with activated PI 3-kinase are Gab1/ 2, thereby suggesting that Gab proteins play a key role upon PI 3-kinase activation. The 85 kDa tyrosine phosphorylated protein detected in Figure 6 could be in fact the p85 subunit of PI 3-kinase which has been already detected as a tyrosine phosphorylated protein in platelets (Geltz and Augustine, 1998) . We also detected the Tpoinduced tyrosine phosphorylation of IRS2 in the anti-PI 3-kinase immunoprecipitates, but IRS2 phosphorylation does not seem to play a major role in PI 3-kinase activation following Tpo stimulation. Accordingly, the mutation of Y112 of mpl led to the disappearance of both Tpo-induced Gab1/2 tyrosine phosphorylation and Tpoinduced Akt/PKB activation, but Tpo-induced phosphorylation of IRS2 was maintained. Thus, the data provided here are consistent with the fact that Gab proteins are essential for Tpo-induced PI 3-kinase activation. In addition, no activation of MAP kinase was observed in D4-mpl UT7 cells (F Porteu, unpublished data) . Two signaling pathways to MAP kinases could therefore be suggested: the association between Y112 of mpl and Shc is likely to lead to activation of the Ras/ MAP kinase pathway through binding of Grb2-SOS or alternatively, Gab proteins could be the link between Tpo-induced signaling pathway and MAP kinase activation as previously suggested (Shi et al., 2000) .
In conclusion, the data in this study indicate: (i) that a strong activation of Gab1 is detected in human hematopoietic progenitors in response to Tpo; (ii) that Y112 of mpl is required for Gab phosphorylation; and (iii) that the phosphorylation of Gab proteins in response to Tpo induces PI 3-kinase and downstream Akt/PKB activation. It was recently shown that Gab1 gene targeting in mice led to embryonic mortality; some Gab1 7/7 embryos had hemorrhage and petechiae (Itoh et al., 2000) , suggesting that Gab1 could play an important role in platelet production and/or function. Further investigations to characterize the role of these proteins in the megakaryocytic pathway are currently in progress.
Materials and methods

DNA constructs and expression vectors
UT7 cells were infected with retroviral vectors encoding either the full length murine mpl cDNA fused to a 5' Flag epitope tag sequence (mpl WT), or tagged truncated mutants, mplD3 and mplD4, lacking amino-acids (aa) 71 ± 94 and 97 ± 121 respectively, as previously described (Benit et al., 1994; Porteu et al., 1996) (Figure 3) .
In mpl mutants Y3F, Y4F, Y5F and Y4.5F, tyrosines 78 (Y3), 112 (Y4) or 117(Y5) were mutated to phenylalanine. These mutants were introduced in Ba/F3 cells as described (Rouyez et al., 1997) (Figure 3 ). In both cell lines, expression of mpl WT and of mpl mutants at the cell surface was monitored by¯ow cytometry analysis using an anti-Flag antibody M1 (Porteu et al., 1996) . All cell lines used in this study were 60 ± 90% positive for¯uorescence staining with anti-Flag antibody.
Cell culture and stimulation
Infected UT7 cells were maintained in alpha MEM containing 10% fetal calf serum and 2.5 ng/ml GM-CSF. Ba/F3 cells expressing mpl mutants were maintained in a-MEM medium containing 4% Wehi-conditioned medium as a source of murine IL-3. Before each experiment, cells were washed three times in Iscove's DMEM containing 0.1% deionized bovine serum albumin and 25 mg/ml iron-loaded human transferrin. Except when otherwise stated, cells were stimulated in the same medium for 10 min at 378C with 50 ng/ml of recombinant human Tpo. Stimulation was stopped by diluting the cells with ice-cold PBS containing 50 mM sodium vanadate. Highly puri®ed recombinant human Tpo was a generous gift from Dr Y Tanaka (Kirin, Japan).
Cell growth assays
DNA synthesis was measured by thymidine incorporation. Brie¯y, after three washes in PBS, cells were resuspended at 10 5 /ml in Iscove s DMEM containing 0.1% deionized bovine serum albumin and 25 mg/ml iron-loaded human transferrin, and incubated on 96-well plates in the presence or absence of serial dilutions of growth factors (GM ± CSF or Tpo). [ 3 H]thymidine was added for 4 h, and the amount of radioactivity incorporated in cells was determined by TCA precipitation.
Preparation of cell extracts, immunoprecipitation and Western blot analysis
These methods have been previously described (DusanterFourt et al., 1992; Lecoq-Lafon et al., 1999) .
Antibodies
A fragment encoding Gab2 amino-acids 534 ± 676 derived from a murine sequence was PCR-ampli®ed and subcloned in frame with GST into pGEX 4T-3. Rabbits were immunized with the corresponding GST fusion protein.
We used both anti-PI 3-kinase antibodies produced by rabbit immunization with a mixture of recombinant proteins corresponding to the N-and C-terminal SH2 domains of p85 fused to GST, and commercial anti-PI 3-kinase antibodies from UBI (cat. number . Anti-GAB1 antibodies (cat. number 06-579), anti-Jak2 antibodies (cat. number 06-255), anti-IRS2 antibodies (cat. number 06-506) were from UBI. Anti-GRB2 antibodies (cat. number C-23) were from SantaCruz. Anti-phosphotyrosine antibodies (4G10) and anti-SHP2 antibodies were generous gifts of Dr B Drucker and Dr A Ullrich, respectively. Anti-SHC antibodies were from Transduction Laboratories (cat. number S14630). Anti phospho-Akt (Ser 473) antibody was from New England Biolabs (cat. number 9271S). Anti Akt/PKB antibody was kindly provided by Dr T Franke.
Amplification and purification of normal human megakaryocytic and erythroid progenitors
Umbilical cord blood units (mean volume 85 ml) from normal full-term deliveries were obtained, after informed consent of the mothers, from the Obstetrics Unit of the HoÃ pital SaintVincent-de-Paul (Paris). Cord blood units were diluted with 50 ml phosphate buer saline containing 1% bovine serum albumine (StemCell Technologies, Vancouver, Canada) and submitted to Ficoll density gradient. Low-density cells were recovered and CD34 + cells were separated by two cycles of positive selection using an immunomagnetic procedure (MACS, CD34 isolation kit, Miltenyi Biotech). Cells were cultured in serum-free Iscove's DMEM (Gibco ± BRL, Life Technologies), in presence of 15% of a commercial mixture of bovine serum albumin, insulin and transferrin (BIT 9500 ; StemCell Technologies) and 100 ng/ml Tpo (Kirin). 5 ng/ml stem cell factor (SCF) (AMGEN, Thousand Oaks, USA) were added once at the initiation of cultures. Cells were incubated in 5% CO 2 in air, at 378C during 10 ± 14 days. Under these culture conditions, more than 95% of cells displayed megakaryocyte lineage speci®c CD41 + /CD61 + phenotype by day 10. The puri®cation of human erythroid progenitors has been reported previously (Lecoq-Lafon et al., 1999) .
